Automated imaging systems offer the potential to inspect the quality and safety of fruits and vegetables consumed by the public. Current automated inspection systems allow fruit such as apples to be sorted for quality issues including color and size by looking at a portion of the surface of each fruit. However, to inspect for defects and contamination, the whole surface of each fruit must be imaged. The goal of this project was to develop an effective and economical method for whole surface imaging of apples using mirrors and a single camera. Challenges include mapping the concave stem and calyx regions. To allow the entire surface of an apple to be imaged, apples were suspended or rolled above the mirrors using two parallel music wires. A camera above the apples captured 90 images per sec (640 by 480 pixels). Single or multiple flat or concave mirrors were mounted around the apple in various configurations to maximize surface imaging. Data suggest that the use of two flat mirrors provides inadequate coverage of a fruit but using two parabolic concave mirrors allows the entire surface to be mapped. Parabolic concave mirrors magnify images, which results in greater pixel resolution and reduced distortion. This result suggests that a single camera with two parabolic concave mirrors can be a cost-effective method for whole surface imaging.
INTRODUCTION
Machine vision is increasingly used for automated inspection of agricultural commodities (Brosnan and Sun, 2004; Chen et al., 2002) . For fruit such as apples, commercial systems are available that allow sorting by size, shape and color. However, inspection for damaged, diseased, or contaminated fruit has been hindered by the inability to appropriately orient fruit for imaging and by lack of a method for imaging 100% of the surface of individual fruit. Research results suggest that it is feasible to use machine vision systems to inspect fruit for quality related problems ( Lefcourt et al., 2005) . Currently, sorting of fruits for surface defects is mainly done by manual inspection and no commercial system is available for detecting fecal contamination. This study examines the use of mirrors to enable 100% of an apple's surface to be imaged using a single camera.
Detection of damaged or contaminated fruit is a food safety issue. Each year there are an estimated 76 million cases of foodborne illnesses, of which 5,200 are fatal (Mead et al., 1999) . The Center for Food Safety and Applied Nutrition (CFSAN) of the Food and Drug Administration (FDA) reports between 20,000 and 40,000 cases of illness annually are related to E. coli infection alone (FDA-CFSAN, 2001 ). Apples and unpasteurized apple cider are potential sites for E. coli contamination. In 1996, the CDC sited unpasteurized apple cider as the source of an E. coli outbreak in western states with at least 45 confirmed cases (1996) . The FDA determined that contamination of apples with fecal material from cattle, deer, sheep, and other species is a food safety problem as these feces often harbor microbial pathogens (FDA, 1999) . Furthermore, microbial contamination is exasperated by defects, such as lesions, cuts, and bruises, on the fruit surface. Fatemi et al. (2006) found that contact between defect sites of an apple (such as cuts and punctures) and fecal material increases the chances of growth of E. coli. Thus, it is important to image the entire surface of the fruit in order to detect any defect sites that might pose a risk for colonization as well as to detect any fecal contamination sites.
• Commercial processing technologies for sorting apples commonly rely on the use of conveyor systems. The conveyor systems generally consist of sequences of cupped holders with one apple per holder. In some cases, portions of the conveyer use bi-cone rollers so that the apples can be rolled during the imaging process. One or more cameras above the conveyor belt takes pictures of each apple as apples pass below. The image information is used to activate solenoids that allow apples (or similar fruit) to drop into the appropriate container or channel. The rotation of apples produced by bicone rollers allows for the imaging of multiple aspects of each apple's surface by using two or more cameras spaced apart along the conveyer. This approach has not proved to be viable for defect sorting for a number of reasons, including non-uniform rotation due to differences in apple sizes and bouncing due to non-uniform shapes. In addition, such systems do not address the problem of reliably imaging inside the concave stem and calyx regions. In one experimental setup, four sides of an apple were imaged as the fruit sat in a shallow cup with a hole in the bottom with a total of two mirrors on opposite the sides of the cup. One camera pointed up towards the hole and a second pointed down to encompass the mirrors and the top of the apple (Li et al., 2002) . In another study, a complex conveyor system was used to orient apples and then each apple was rapidly rotated in place under a camera . A single camera captured six images per apple at 30º intervals. Only one-half the surface was imaged due to a software constraint; this resolution was deemed adequate for a proof-of-concept study. Neither method has proved to be commercially viable.
The stem and calyx regions present two major problems for image acquisition and analyses. First, these regions are concave. Thus, to image the entire surface with the minimal number of perspectives requires that the apple be oriented during imaging so that the cameras or mirrors can "see" inside these regions. Second, these regions are visually complex, and it has proved difficult to develop efficient algorithms to discriminate between problem sites and the stem or calyx. . Alternatively, a secondary imaging system can be used to identify these regions, again a costly option (Wen and Tao, 2000) . One solution to these problems is to orient the apple prior to imaging so that the location of the stem and calyx regions is known during imaging. Once the location of the regions can be controlled, camera and mirror positions can be selected to either exclude these regions from imaging or peer into these concave areas. If these regions are included in image sets, knowledge of locations can be used to optimize detection algorithms. Our laboratory has discovered an inexpensive method for orienting apples for imaging based-on the inertial properties of apples (Narayanan et al, 2006) . When apples are rolled down a track consisting of two parallel rails, after the apples attain sufficient angular momentum they move to an orientation where the stem-calyx axis is perpendicular to the direction of travel and parallel to the plane of the tracks ( fig.1 ). Preliminary tests indicate that nearly 100% of apples can be oriented within a very short distance, less than 50 cm (Narayanan et al, 2007) . Investigations concerning the number and placement of mirrors were biased to consider the case of "oriented" apples; however, consideration was given to the general case. An emphasis was placed on economics in that only a single image per apple was used for test imaging; however, theoretical benefits of using multiple cameras or multiple images from a single perspective were considered.
METHODS
The test apparatus consisted of two parallel thin wires (4-gauge music wire) used to support apples and a monochrome video camera (EC650, Prosilica; 640 x 480 pixels, 90 frames per sec) mounted 51 cm above the wires ( fig. 2 ). Wires were 4 cm apart and were supported 19 cm above a steel optical bench. Halogen lighting provided illumination. The monochrome video camera allowed real-time positioning of mirrors around a suspended apple. Two, three or four flat mirror, or two concave parabolic mirrors with 3x or 5x magnification were placed around a suspended apple. Once mirror positions and configurations were empirically set, a three mega-pixel color still camera was used to capture images for analyses.
Images of reflected surfaces were analyzed in terms of three potential imaging conditions. The first condition was the simplest with all information concerning a single apple captured in a single image. The second condition was where the apple was stationary in the frame of a cup holder, but the cup holder moved through the imaging area, e.g., a conveyor system. The final case was where the apple rolled by the imaging area on the two wires, e.g., an orientation system where apples rolled on two parallel rails. In the final two configurations, consideration was given to taking multiple images using a single camera perspective, and also with the possibility of using multiple cameras or perspectives. Figure 2 . In this case, two mirrors are used to capture images of an apple's surface. The apple and reflected mirror images were captured from above using a monochrome video or color still camera.
Programs written in Visual Basic 6 were used to acquire and analyze images. One program calculated the percentage of a standardized imaging field occupied by mirror images of apples and the apples themselves, and the same percentages when the vertical dimension was reduced to the minimum need to encompass areas of interest.
RESULTS AND DISCUSSION

Mirror configurations
It quickly became apparent that the two mirror configuration offered the best utilization of camera resolution, and that the parabolic concave configuration was more efficient than the flat mirror configuration ( fig. 3-4) . This result was confirmed by calculations of the areas in images that represented useful information ( Table 1 ). The imaging area was examined in terms of a normalized 640 by 480 pixel resolution, and the same horizontal resolution with the minimum vertical resolution necessary to capture all useful information. The reduced aspect was considered as image acquisition rate can be a limiting factor at commercial processing speeds of 10 apples per sec. An image showing the use of a 5x concave mirror is shown in figure 5 . Figure 5 . Image acquired using two concave parabolic mirrors with 5x magnification. Mirror images capture 100% of the surface of the apple and, due to orientation, allow full view into the stem and calyx regions.
Potential confounding issues
There are two potential problems for using the imaging configuration with two concave mirrors. First, detection of nanogram quantities feces on apples is difficult when the feces are at the edge of an apple surface in an image (Lefcourt et al., 2003) . Second, it may not be possible to orient all apples. A prospective solution to both problems is to acquire images from multiple perspectives, either by using multiple cameras or by acquiring multiple pictures from a single camera as the apple changes location and orientation. In figure 5 , just less than 50% of the information in the reflected surfaces is present in the primary, un-reflected, apple image. The information is less than 50% as there is no information concerning the interior aspects of the stem and calyx regions. As shown in figure 6 , the additional information regarding the missing 50%, again minus the concave regions, of the primary image can be acquired by taking two pictures as the apple rolls by the camera. As apple diameters vary, it may be easier to take more than two images than to attempt to adjust acquisition timing as a function of apple size and take two images. The additional information can be acquired by placing a mirror under the support wires in the path of the rolling apple, or by increasing the vertical dimension of the imaging field. These solutions offer an additional advantage in terms of defect detection. Industry would like to be able to detect and sort bruised apples. However, the stem and calyx are often falsely detected as a bruise (Throop et al., 2001; Bennedsen and Peterson, 2004) . With this solution, primary images could be used for detection of bruised apples without having to deal with the confounding problem of the stem or calyx being detected as a bruise. By using both primary and reflected image information, it would be possible to design a fecal detection algorithm that looked at 100% of an apple's surface without having to utilize information at any of the apple edges in images.
In the case where the apple is not oriented, the most common exception is for the apple to roll end-over-end. While this outcome has a low probability of occurrence (Narayanan et al., 2007) , full imaging information can still be acquired ( fig. 7) . For the worst-case scenario, where the apple rolls 45º off-axes in both lateral and vertical axes, less than 100% of the surface can be imaged. However, examination of figure 8 indicates that most of the area in the concave stem and calyx regions can still be captured. In any case, in a commercial setting, this type of rotation should be very rare (Narayanan et al., 2007) . Image of apple rolling end-over-end, as opposed to rolling around the stem/calyx axis. In this case, multiple pictures must be acquired to guarantee full imaging of the stem and calyx regions. Figure 8 . Image of apple rolling in the worst-case condition where the axis of rotation is skewed 45º in both the lateral and vertical axes. In this case, even with multiple pictures, it is impossible to guarantee full imaging of the stem and calyx regions.
Additional Reflected
Relation of results to prior imaging solutions
Currently, mirrors are not commonly used in commercial agricultural processing systems, primarily due to problems with dirt accumulation. Literature searches and online searches of commercial sorting systems failed to provide any evidence of use of parabolic concave mirrors in machine vision imaging system. The increased resolution and decreased distortion at the edges of acquired images warrant consideration of using such mirrors.
The method demonstrated by Li et al. (2002) uses a cup holder with a hole in the bottom along with a camera below the cup and a camera above to image most of a fruit's surface. The major problems with this method are that the entire fruit cannot be imaged due to blockage by the cup and the processing speed of 3 to 4 apples per sec is lower than commercial speeds of 10 apples per sec. Furthermore, the use of more than one camera diminishes the desirability of this system due to increased cost and complexity.
The problem of differentiating stem and calyx regions from problem areas has received a lot of attention (see discussion above and in Introduction). Results show that this problem can easily be addressed by the imaging system described in this manuscript if apples are assumed to be oriented appropriately during imaging. Image analyses can be further improved if apples roll under the camera as this provides the basis for obtaining additional perspectives of each apple's surface.
Proposed system combining apple orientation and imaging with two parabolic concave mirrors
An optimal configuration for a commercial processing system would be to combine the method of orienting apples using inertial dynamics with an imaging sub-system that included two parabolic concave mirrors mounted below suspension wires. The mirrors would be on opposite sides of the wires and at an angle of 45° relative to the vertical axis of a camera mounted above the center of the wires ( fig. 9 ). The resolution of reflected apple images could be increased by using 3x to 5x magnification. Figure 9 . Schematic representation of a potential commercial apple processing system. The apple will be oriented so that the stem and the calyx regions face the parabolic concave mirrors used for imaging.
Potential implementation problems for proposed commercial system
It is possible that the track or wires, or the energy accumulated as apples roll down the tracks will result in some significant percentage of apples being damaged. In preliminary tests with hundreds of apples, the wooden test tracks did not damage the apples and empirical observations indicate that the forces between the apple and the track are minimal (personal observation). If the use of wires proves to be a problem, the wires can be replaced by extending the track, and multiple pictures as shown in figure 6 can be acquired using the track rails for support. With this procedure, 100% of the surface can be imaged without effecting detection efficiency.
The real problem is dissipating the energy each rolling apple accumulates. It would be possible to slow the apples using one or more of a number of means such as adding an upward inclination to the track at the end. However, slowing apples may not be feasible if processing speeds are to be kept at 10 apples per sec. Another possibility would be to blow the apples off the track into selected water troughs below. The water would adsorb the energy from each apple without damaging the apple. Water troughs are commonly used in agriculture for sorting fruit.
CONCLUSION
Parabolic concave mirrors with significant magnification can provide a measurable increase in the resolution of acquired images compared to the use of common flat mirrors. Two opposed concave mirrors mounted at 45º relative to a camera above can provide the basis for developing a system for imaging 100% of the surface of fruit such as apples. The imaging system works best with rolling apples and is optimal if the apples are oriented so that the stem region faces one mirror and the calyx region faces the other mirror. This imaging system can be combined with a system that orients apples by rolling the apples down a track to produce a complete system for apple processing with commercial potential.
